Cavity QED Detection of Interfering Matter Waves 
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We observe the build-up of a matter wave interference pattern from single atom detection events in 
a double-slit experiment. The interference arises from two overlapping atom laser beams extracted 
from a Rubidium Bose-Einstein condensate. Our detector is a high-finesse optical cavity which 
realizes the quantum measurement of the presence of an atom and thereby projects delocalized 
atoms into a state with zero or one atom in the resonator. The experiment reveals simultaneously 
the granular and the wave nature of matter. 
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The prediction of the duality between particles and 
waves by de Broglie [l| is a cornerstone of quantum me- 
chanics. Pioneering experiments have observed interfer- 
ences of massiveparticles using electrons |2y2| , neutrons 
0, atoms 0,E10 an d even large molecules |J. However, 
the simple picture that matter waves show interferences 
just like classical waves neglects the granularity of mat- 
ter. This analogy is valid only if the detector is classical 
and integrates the signal in such a way that the result is 
a mean particle flux. With quantum detectors that are 
sensitive to individual particles the discreteness of matter 
has to be considered. The probability to detect a particle 
is proportional to the square amplitude of the wave func- 
tion and interferences are visible only after the signal is 
averaged over many particles. 

In the regime of atom optics, single atom detection 
has been achieved for example by fluorescence |2(, us- 
ing a micro-channel plate detector for metastable atoms 
[H| , and high- finesse optical cavities [ll| . In these exper- 
iments the size of the de Broglie wave packet of the par- 
ticles was much smaller than the detector area. There- 
fore localization effects during the detection have been 
negligible. With the realization of Bose-Einstein conden- 
sation in dilute gases particles with a wave-function of 
macroscopic dimensions have become experimentally ac- 
cessible. Only very recently the single atom detection 
capability has been achieved together with quantum de- 
generate s amp les reaching the regime of quantum atom 
optics [lj, LU| . The quantum nature of the measurement 
opens perspectives for atom interferometry at and below 
the standard limit 

For atoms with a spatially extended wave function, 
such as in a Bose-Einstein condensate or in an atom 
laser beam, a measurement projects the delocalized atom 
into a state localized at the detector • This quantum 
measurement requires dissipation in the detection pro- 
cess. For single atom detection we employ a high- finesse 
optical cavity in the strong couplin g regim e of cavity 
quantum electrodynamics (QED) pjj [ly, Ljjj . We study 
this open quantum system including the two sources of 
dissipation, cavity losses and spontaneous emission. In 
particular, we calculate the time needed for the localisa- 



tion of an atom in the cavity measurement process. We 
then experimentally investigate atomic interferences on 
the single atom level using our detector. 

A schematic of our experimental setup is shown in fig- 
ure 1. We output couple two weak atom laser beams 
from a Bose-Einstein condensate and their wave func- 
tions overlap and interfere The flux is adjusted in 
such a way that there is on average only one atom at a 
time in the interferometer. Using the high- finesse cavity 
we measure single atom arrival times in the overlapping 
beams. We observe the gradual appearance of a matter 
wave interference pattern as more and more detection 
events are accumulated. 
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FIG. 1: Schematic of the experimental setup. From two well 
defined regions in a Bose-Einstein condensate (BEC), we cou- 
ple atoms to an unt rapped state. The real parts of the result- 
ing atom laser wave- functions are sketched on the right hand 
side. The absorption image shows an interference pattern cor- 
responding to Af = 1 kHz and to a flux ~ 10 6 times larger 
than in the actual single atom interference experiment. Mon- 
itoring the transmission through a high-finesse optical cavity 
with a photon counter, single atom transits are detected. 

Single atom detection in an optical cavity can be cap- 
tured in a classical picture: an atom changes the index 
of refraction in the cavity and thereby shifts it out of res- 
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FIG. 2: a: Cavity single atom detection principle. An atom 
detunes the high-finesse cavity from resonance and the cavity 
transmission consequently drops, b: Photon flux through the 
high- finesse optical cavity when an atom is detected. The pho- 
ton count rate is averaged over 20 fis. The detection threshold 
is set to be 4 times the standard deviation of the photon shot 
noise (dashed line). 

onance from the probe laser frequency. In the absence 
of an atom, the probe beam is resonant with the cavity 
and its transmission is maximal. Experimentally we use 
a probe power corresponding to five photons on average 
in the cavity. The cavity lock is sufficiently stable for the 
cavity transmission to be at the photon shot noise limit. 
The presence of an atom results in a drop of the cavity 
transmission (see figure 2). We set the threshold for an 
atom detection event to a drop in transmission of four 
times the standard deviation of the photon shot noise 
in our 20 /is integration time. Then the overall detec- 
tion efficiency of atoms extracted from a Bose-Einstein 
condensate is measured to be 0.23(8). 

Our cavity has been described in a previous paper 
and we only recall here its main figures of merit. Its 
length is 178 //m, the mode waist radius is 26 //m, and 
its finesse is 3 x 10 5 . The maximum coupling strength 
between a single 87 Rb atom and the cavity field g = 
2tt x 10.4 MHz is larger than the cavity field decay rate 
k = 2tt x 1.4 MHz and the atom spontaneous emission 
rate T = 2tt x 6 MHz. The probe laser and the cavity 
are red-detuned as compared to the atomic resonance 
such that the light force pulls the atoms to regions where 
the coupling is large, therefore enhancing the detection 
efficiency. 

To understand the actual detection process we study 
the dynamics of the atom-cavity quantum system tak- 
ing into account dissipation. We first consider a classical 
atom entering a simplified square shaped cavity mode so 
that its coupling to the cavity field increases suddenly to 
a constant value g. The cavity field is initially coherent 
with a few photons. We use a two level approximation for 
the atom description and assume a 30 MHz red-detuning 
of the probe laser compared to the atomic resonance [2(J . 
In the case of strong coupling the following dynamics 
occur. On a short time scale given by 1/g, the atom- 
cavity system exhibits coherent oscillations. It progres- 
sively reaches an equilibrium state on a time scale given 



by 1/n and 1/T due to cavity loss and atomic sponta- 
neous emission. These are the two sources of dissipation. 
In the equilibrium state, the mean photon number in the 
cavity is reduced and the cavity transmission drops. 

To evaluate this drop quantitatively, we find the 
steady-state of the master equation for the density ma- 
trix numerically \2& [23 For our parameters, 
the transmission as a function of the coupling strength 
g is plotted in figure 3a. For a maximally coupled atom 
g — 2tt x 10.4 MHz, the average intra-cavity photon num- 
ber is found to be reduced from 5 to 0.9, and the num- 
ber of detected photons is then reduced by the same ra- 
tio. Such a reduction corresponds well to the largest ob- 
served transmission drops. An example is shown in figure 
2. The detection threshold corresponds to a coupling of 
g = 2tt x 6.5 MHz. Experimentally, unlike in our model, 
an atom feels a position dependent coupling as it trans- 
verses the mode profile. However the atom transit time 
through the cavity mode (40 /is) is long compared to the 
cavity relaxation time scales 1/ n and 1/T and the atom- 
cavity system adiabatically follows a quasi equilibrium 
state. Therefore the experimental transmission drops can 
be compared to the calculated ones. 

Specific to our experiment is that a spatially extended 
matter wave and not a classical atom enters the cavity. 
Our system allows us to realize a quantum measurement 
of the presence of an atom. For our low atom flux, we 
can neglect the probability of having more than one atom 
at a time in the cavity. The incoming continuous wave- 
function is thus projected into a state with one or zero 
atom in the cavity. This projection necessarily involves 
decoherence that is introduced by spontaneous scattering 
and cavity photon loss. The origin of the decoherence can 
be understood as unread measurements in the environ- 
ment [Hll^I- For example, if a spontaneously emitted 
photon is detected, there is necessarily an atom in the 
cavity and the wave-function is immediately projected. 
Similarly, the more different the light field with an atom 
in the cavity is from the field of an empty cavity, the more 
different is the scattered radiation out of the cavity, and 
the projection occurs correspondingly faster. 

We now quantify the time needed for the projection 
to occur. For simplicity, rather than a continuous wave 
function, we consider a coherent mixture of one and zero 
atom entering a square shaped cavity at a given time. 
We take the limit when the probability to have one atom 
is low. The initial cavity field is the one of an empty 
cavity. Dissipation effects are studied by computing the 
time evolution of the density matrix [221] . The degree of 
projection of the initial state can be extracted from the 
off-diagonal terms between states with one atom and no 
atom in the density matrix. More precisely, we define the 
coherence as the square-root of the sum of the squared 
modulus of the off-diagonal terms mentioned above. This 
quantity is maximal for a pure quantum state with equal 
probability to have an atom or not. The coherence is 
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FIG. 3: a: Normalized transmission as a function of coupling 
strength. The solid line corresponds to our probe strength of 
5 photons in the cavity in the absence of an atom. The dashed 
line is the weak probe limit. The dotted line corresponds to 10 
photons in the cavity, b: Coherence between the states with 
one and no atom as a function of time. The initial coherence 
is normalized to 1. Solid line: g — 2tt x 10 MHz. Dashed line: 
g = 2tt x 6.5 MHz. Dotted line: g = 2tt x 3 MHz. 



zero for a statistical mixture. 

In figure 3b, the temporal evolution of the coherence is 
plotted. As expected, it decays to zero at long times due 
to dissipation. The decay time increases as the coupling 
to the cavity is weakened. In the limit where the cou- 
pling vanishes, the coherence is preserved. The atomic 
wave function then evolves as if there was no cavity. For 
g > 2tt x 6.5 MHz, the decoherence time is found to be a 
fraction of a microsecond. This value is much lower than 
the 40 /is transit time of an atom through the cavity and 
for all our detected atomic transits, the wave function 
is thus well projected to a state with one atom. Our 
detection scheme realizes a quantum measurement of the 
presence of an atom in the cavity. However during an 
atom transit some photons are spontaneously scattered 
and the velocity of the atom is slightly modified. 

Using our cavity detector, we can observe matter wave 
interferences on the single atom level. The starting point 
of the experiment is a quasi pure Bose-Einstein conden- 
sate with 1.5 x 10 6 Rubidium atoms in the hyperfine 
ground state \F = 1, mp = —1) The atoms are mag- 
netically trapped with frequencies uo\\ = 2tt x 7 Hz axially 
and u± = 2tt x 29 Hz radially. A weak and continuous 
microwave field locally spin-flips atoms from the Bose- 
Einstein condensate into the untrapped \F — 2, mp = 0) 
state. This process is resonant for a section of the con- 
densate where the magnetic field is constant. Because 
the magnetic moment of the spin flipped atoms vanishes 
they fall due to gravity and form a continuous atom laser 

II- 

When we apply two microwave fields of different fre- 
quencies, we are able to output couple atom laser beams 
from two well denned regions of the condensate 19]. The 
two distinct atom laser wave functions overlap and inter- 
fere. At the entrance of the cavity, the atomic wave func- 
tion ip is well described by the sum of two plane waves 



with the following time dependence 

ip(t) oc exp(zcjit) + exp(zcj2^ + 4>) (1) 
oc cos((o;2 — uj\)t/2 + 0) 

where Tiuj\ and T1UO2 are the energies of the two laser 
beams and <p is a fixed phase difference. The radial de- 
pendence of the wave function is neglected. The proba- 
bility to detect an atom is given by the square norm of 
the wave function which is modulated in time and be- 
haves like a cosine squared. The modulation frequency 
of the interference signal is given by the energy difference 
between the two atom lasers. Experimentally, it is deter- 
mined by the frequency difference of the two microwave 
fields and is chosen to be Af =10 Hz, which corresponds 
to a distance of 5 nm between the two output coupling re- 
gions. The two microwave fields are generated such that 
the interference pattern is phase stable from one experi- 
mental run to the other. 
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FIG. 4: Histograms of the atoms detected in 5 ms time bin 
intervals, a: Single experimental run. b: Sum of 4 runs, c: 
Sum of 16 runs, d: Sum of 191 runs, the line is a sinusoidal 
fit. Please note the different scales. 

The results of the experiment are presented in figure 
4. Each experimental run corresponds to output cou- 
pling from a new condensate. On average ~ 6 atoms 
are detected in 0.5 s. After the detection of a few atoms, 
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their arrival times appear to be random (fig. 4a). Nev- 
ertheless, after adding the results of several runs, an in- 
terference pattern progressively appears (fig. 4b-d). The 
atom number fluctuation is found to be dominated by 
the atomic shot noise and the signal to noise ratio of the 
interference increases as more data are included. A fit to 
the histogram leads to a contrast of 0.89(5). The slight 
reduction of contrast is explained by a detected flux of 
about one atom every 3 runs in the absence of output 
coupling. We attribute this effect to artefact detection 
events and to atoms output coupled from stray magnetic 
fields. 

We work with a flux of one detected atom per 83 ms, 
which is about the time an atom needs to travel from 
the condensate region to the cavity. We are thus in a 
regime where the atoms fall one by one in the interfer- 
ometer. A single atom behaves both like a wave because 
its time arrival probability shows an interference pattern 
and like a particle as single atoms are detected. This 
can be similarly expressed by saying that each individual 
atom is released from both slits simultaneously. Our ex- 
periment is an atomic counterpart of the Young's double 
slit experiment with individual photons. 

To summarize, we detect matter wave interferences 
with a high-finesse optical cavity detector which realizes 
a quantum measurement of the presence of an atom. We 
explain how dissipation plays a crucial role in the detec- 
tion process and for the localization of the atom inside 
the cavity. Using this detector, we are able to detect 
a high contrast atom interference pattern at the single 
atom level. The coupling of a matter wave to a cavity 
QED system opens the route to the quantum control not 
only of the internal state of the atoms but also of their po- 
sitions [2^1 . Using the presented detection technique we 
can probe an atomic gas with a good quantum efficiency 
and introduce only a minimum perturbation through the 
measurement. This could facilitate non-destructive and 
time-resolved studies of the coherence of a quantum gas, 
for example during the formation of a Bose-Einstein con- 
densate. Similar interference experiments between two 
distinct condensates would permit investigations of their 
relative phase evolution or diffusion [2^ . 
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